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SELECTIVE ORGANIC TRANSFORMATIONS USING IMMOBILIZED TRANSITION METAL COMPLEXES
The thesis deals with the design and development of immobilized transition metal complexes for various organic transformations. Chapter I highlights the importance of cleaner catalytic technologies for the synthesis of fine chemicals and pharmaceuticals. Further, this chapter focuses on the properties and applications of ionic liquids and inorganic solid supports for various organic transformations. Chapter II deals with N-arylation of N-nucleophiles such as imidazoles, imides, amines and sulfonamides with arylboronic acids in the absence of a base using recyclable copper(II) acetate immobilized in ionic liquids. Chapter III deals with the synthesis and application of copper(II) acetylacetonate immobilized in ionic liquids for the insertion of α-diazo compounds into N-H bonds of amines using ethyl diazoacetate as carbene source and ring opening of epoxides with amines. Chapter IV deals with aza-Michael addition of amines, imidazoles to α,β-unsaturated compounds with Cu-Al hydrotalcite and also with Cu(acac)2 immobilized in ionic liquids. Chapter V details the synthesis of vanadyl(IV) acetylacetonate supported on titania and its application for the oxidation of sulfides using TBHP as an oxidant. 
Chapter I. Introduction  
	This chapter describes the various catalysts/process options available for an industrial chemist to effect different organic transformations. It includes a brief introduction of homogeneous, heterogeneous and heterogenized homogeneous catalysis. The design and development of environmentally cleaner catalytic methodologies is highlighted in this chapter. 
Different supports for the immobilization of catalysts are also detailed. The structures, properties and applications of ionic liquids, hydrotalcites and titania are discussed in this chapter.
Chapter II. Copper(II) Acetate Catalyzed N-Arylation with Arylboronic Acids in   Ionic Liquids (ILs)
Ionic liquids or molten salts have been demonstrated as ideal immobilizing agents for various classical transition metal catalyst precursors in synthetic organic chemistry. In terms of biphasic catalysis, ionic liquids are regarded as “polymeric liquid supports” rather than “solvents” as the catalyst precursors are immobilized rather than being dissolved in ionic liquids. Ionic liquids are acknowledged as eco-benevolent alternatives to the volatile organic solvents in view of their characteristic properties such as low vapour pressure, wide liquid range, high thermal stability and high conductive solvation ability for a variety of organic substrates and catalysts including Lewis acids and enzymes. The use of ionic liquids in transition metal catalysis shows improved catalytic stability and overall catalytic performance. 
The imidazolium-based ionic liquids [bmim][BF4] and [bmim][PF6] (Figure 1) were prepared by alkylation of N-methylimidazole with alkyl halide to afford 1-alkyl-3-methylimidazolium halide, which on metathesis with sodium tetrafluoroborate or sodium hexafluorophosphate gave the desired ionic liquids as viscous oils. 

Figure 1
The N-arylation of NH–containing substrates is important in organic synthesis since the resultant products, N-arylimidazoles, N-arylimides, N-arylamines are ubiquitous compounds in pharmaceuticals, agrochemicals and natural products.
This chapter describes N-arylation of various N-nucleophiles with arylboronic acids using recyclable copper(II) acetate immobilized in ionic liquids in the absence of a base and the corresponding products are obtained in good to excellent yields (Scheme 1). 

Scheme 1
N-arylation of N-nucleophiles such as imidazoles, imides, amines and sulfonamides with arylboronic acids were studied. A series of structurally and electronically diverse arylboronic acids were coupled with these N-nucleophiles to afford the corresponding N-arylated products in good to excellent yields. The catalytic system containing Cu(OAc)2.H2O/[bmim][BF4]was recycled for four cycles with minimal loss of activity.  
The advantages of using ionic liquids as reaction media are:
	Ionic liquids offer the opportunity of combining the advantages of both homogeneous and heterogeneous catalysis in one system. 
	The non volatile nature can reduce the emission of toxic organic compounds. 
	The high polarity and ability to solubilize both organic and inorganic compounds can enhance rates and selectivities of the reaction.
	High yields of product under mild conditions. 
	Potential ability of recovery and reuse of the catalyst as well as the reaction medium i.e. ionic liquid.
	Zero emission of effluents leads to environmentally favorable catalytic system.
Chapter III. Copper(II) Acetylacetonate Immobilized in Ionic Liquids for N-H Insertion and Ring Opening Reactions.
This chapter is divided into two sections.
Section I. Insertion of α-Diazo Compounds into N-H Bonds of Amines using Cu(acac)2 Immobilized in Ionic Liquids.
The catalytic insertion of α-diazo compounds into N-H bonds has received much attention in the last few decades. The N-H insertion pathway provides access to proteinogenic and non-proteinogenic α-amino acid derivatives.
The N-H insertion of diazo compounds into amines using Cu(acac)2 immobilized in ionic liquids at room temperature  has been described to afford the corresponding N-substituted glycine esters in good yields (Scheme 2). 

Scheme 2
The catalytic system was successfully applied to cyclic amines such as morpholine, piperidine, bulky amines like dibutyl, diisopropyl and dibenzyl amines to give the corresponding products in good yields whereas primary amines and piperazine gave bis-insertion products. Interestingly, bulky glycine esters can also be synthesized in good yields by using the present protocol. The ionic liquid phase containing Cu(acac)2 was almost quantitatively recovered by simple extraction of the product with Et2O. The recovered ionic liquid phase containing the catalyst was reused for several cycles with consistent activity.
Section II. Ring Opening of Epoxides with Amines using Cu(acac)2 Immobilized In  Ionic Liquids.
The vicinal amino alcohol moiety is a common structural component in a vast group of naturally occurring and synthetic molecules. The common name for this group varies, from vicinal amino alcohol to β-amino alcohol or 1,2-amino alcohol. Either the amine or the alcohol can be acylated, alkylated or contained within rings. The presence of this moiety and the relative (as well as absolute) stereochemistry are generally important for the biological activity of molecules containing a vicinal amino alcohol.
The classical approach for the synthesis of β-amino alcohols involves the ring opening of epoxides with amines. However, these reactions are generally carried out with large excess of amines at elevated temperatures and are accompanied by poor regioselectivity. To overcome these problems, several metal amides, metal triflates metal halides, other transition metal based Lewis acids were reported for this reaction. Among the heterogeneous catalysts, zirconium sulfophenyl phosphonate, aluminum oxide and silica gel were employed for the reaction. 
In recent years, significant progress has been made in the application of ionic liquids in catalytic processes as catalyst, co-catalyst, catalyst activator or just as a solvent for the reaction. In the present study, regioselective ring opening of epoxides with amines have been performed using Cu(acac)2 immobilized in ionic liquids to afford the corresponding β-amino alcohols in shorter reaction times (Scheme 3). 

Scheme 3
Aryl amines on reaction with styrene oxide gave the corresponding β-amino alcohols in a regioselective manner with preferential nucleophilic attack at benzylic position. Aliphatic amines on reaction with styrene oxide gave the product with opposite regiochemistry. The methodology was further extended to the ring opening of aliphatic epoxides and substituted styrene oxide with amines to afford the corresponding products in good yields.
Chapter IV. Aza-Michael Addition Reactions using Recyclable Copper Catalysts
The conjugate addition (1,4-addition or Michael addition) of nucleophiles to α,β-unsaturated compounds is one of the most important new bond-forming strategies in synthetic organic chemistry. Aza-Michael addition is one of the important reactions especially for the synthesis of C-N heterocycles containing the β-amino carbonyl functionality. Such functionality not only constitutes a component of biologically active natural products but also serves as an essential intermediate in the synthesis of β-amino ketones, β-amino acids and β-lactam antibiotics, in addition to its use in the fine chemicals and pharmaceutical sectors. 
A large number of methods were reported for the 1,4-addition of amines to electron-deficient olefins through the activation of amines by stoichiometric or catalytic Lewis acids such as La(OTf)3, AlCl3, HgCl2, TiCl4, InCl3,  CeCl3·7H2O/NaI, Yb(OTf)3, FeCl3·6H2O, Co(OAc)2, Bi(NO)3, Bi(OTf)3, Ni(ClO4)2·6H2O, LiClO4 and copper salts.  However, many of these methods often involve the use of strong acid catalysts, demanding aqueous workup for the catalyst separation, non-recyclability, difficulty in disposal and polymerization of the product.
There are few reports on addition of amines to α,β-unsaturated compounds activated by heterogeneous catalysts which include transition metal doped montmorillonite, kaolinite clays, CeCl3.7H2O and NaI supported on silica as well as alumina, KF/Al2O3 and RuCl3 in poly(ethylene glycol). 
Ionic liquids have received much attention in the context of green chemistry as potential alternatives to volatile organic solvents 
The present chapter describes aza-Michael addition of amines and imidazoles to α,β-unsaturated compounds in the presence of Cu-Al hydrotalcite and Cu(acac)2 immobilized in ionic liquids.
This chapter is divided into two sections.
Section I. Cu-Al Hydrotalcite Catalyzed Aza-Michael Addition Reactions.
Clays are most abundant in nature and exhibit many profitable features such as low cost, wide range of preparation variables, use in catalytic amounts, ease of set-up and work-up, gain in yield and/or selectivity etc. which may be useful tools in the move towards establishing enviro-friendly technologies. Clays are divided into anionic clays and cationic clays. The anionic clays, otherwise called as hydrotalcites/layered double hydroxides are a large class of naturally occurring and synthetic clay-like materials with positively charged polymeric mixed-metal hydroxide layers separated by expandable interlayer regions containing anions and water molecules.
The structure of hydrotalcite (HTs) consists of brucite [Mg(OH)2] type octahedral layers in which a part of the M(II) cations are isomorphously substituted by M(III) cations. The excess positive charge of the octahedral layers resulting from this substitution is compensated by interstitial layers built of anions and crystal water. These LDHs consist of alternating cationic M (II)(1-x) M(III)x(OH)2x+ and anionic An-.zH2O layers,  where M(II) is a divalent cation such as Mg, Cu, Ni, Co, Mn, Zn; M(III) is a trivalent cation such as Al, Fe, Cr, Ru, V, In, Ga;  An- denotes exchangeable anions such as OH-, Cl-, CO32-, NO3-, SO42- and the value of the x is in the range from 0.1 to 0.33. 
Hydrotalcites have received much attention as anion exchangers and basic catalysts. They have also been used as efficient and versatile inorganic supports for reagents/catalysts in organic synthesis.
Cu-Al hydrotalcites was prepared by co-precipitation method and employed as catalyst for the conjugate addition of amines to α,β-unsaturated compounds to afford aza-Michael adducts in very good yields at room temperature (Scheme 4 ). 

Scheme 4
Various cyclic and acyclic aliphatic amines underwent 1,4-addition with a range of α,β-unsaturated compounds to afford corresponding aza-Michael adducts. 
Section II. Cu(acac)2 Immobilized in Ionic Liquids for Aza-Michael Addition Reactions
This section comprises of two topics:
Topic I. Aza-Michael Addition of Amines to ,-Unsaturated Compounds using Cu(acac)2 Immobilized in Ionic Liquids.
In the present study, a soft, facile and clean aza-Michael reaction of amines with α,β-unsaturated compounds using Cu(acac)2 immobilized in ionic liquids has been developed (Scheme 5). The methodology works very well using a low catalyst loading with easy catalyst and solvent recycling. 

Scheme 5
A variety of α,β-unsaturated compounds such as methyl acrylate, acrylonitrile, methyl vinyl ketone, cyclohexenone underwent 1,4 addition with a wide range of aliphatic amines in the presence of  Cu(acac)2 immobilized ionic liquid at room temperature to give the corresponding β-amino compounds in high yields in a very short time. The scope of practical applicability of this methodology was demonstrated by carrying the reaction in a relatively larger scale (20 mmol) using Cu(acac)2 immobilized ionic liquid. The recovered ionic liquid phase containing the catalyst was reused for several cycles with consistent activity.
Topic II. Aza-Michael Addition of Imidazoles to ,-Unsaturated Compounds Using Cu(acac)2 Immobilized in Ionic Liquids.
N-substituted imidazoles and their derivatives are of interest in the pharmaceutical chemistry because of their pharmacodynamic properties. The 4-nitro-isomeric compounds are pharmacologically important as immunosuppressants, aldehyde dehydrogenase inhibitors and radiotherapy synergists.
The present study represents aza-Michael addition reaction of imidazoles with α,β-unsaturated compounds to produce the corresponding N-substituted imidazoles in high yields using a recyclable catalytic system, Cu(acac)2 immobilized in ionic liquids  (Scheme 6).

Scheme 6
Different α,β-unsaturated compounds such as acrylates, nitriles and cyclic enones underwent reaction with imidazole as well as with substituted imidazoles to afford the corresponding products in good yields. Simple acrylates and long chain acrylates were equally effective for the conjugate addition with imidazole. Tertiary butyl acrylate afforded the product in good yield. The catalytic system was reused for several cycles with consistent activity.
Chapter V. Vanadyl(IV) Acetylacetonate Supported on Titania for Selective Oxidation of  Sulfides. 
Sulfoxides and sulfones are useful synthetic intermediates for the construction of various chemically and biologically significant molecules. Selective oxidation of sulfides to sulfoxides has been carried out with a large number of supported reagents or catalysts. However, some of these methods suffer from one or more limitations including the use of stoichiometric or sub-stoichiometric amount of transition metal complexes, slow rate of reactions with bulky sulfides and gradual leaching of metal from the support.
A new efficient catalyst for the oxidation of sulfides was developed with high selectivity, high atom efficiency and reusability. In the present study, vanadyl(IV) acetylacetonate supported on titania [VO(acac)2–TiO2] was prepared by classical wet impregnation method and characterized by powdered X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and UV-Vis DRS techniques The catalyst was evaluated for the oxidation of sulfides using anhydrous TBHP as an oxidant in dichloromethane solvent at room temperature to afford sulfoxides in good to excellent yields (Scheme 7). 

Scheme 7
The catalyst was applied to a wide range of sulfides including allylic and vinylic sulfides. Allylic and vinylic sulfides gave the corresponding sulfoxides without the cleavage of carbon–carbon bonds. 
The distinctive features of the present work are:
	A simple heterogeneous oxidation of sulfides to sulfoxides at room temperature in shorter reaction times. 
	Easy separation of the catalyst by simple filtration.
	The catalyst is easy to handle and is reusable for several cycles with consistent activity. 

	
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